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Mobi le  robo t s  dep loyed  in to  human  env i ronment  o f t en  need  to  neg o t i a t e  
non-con t inuous  t e r ra ins  such  a s  s t eps  o r  s t a i r s  i n  o rde r  t o  nav iga t e  a round  
ce r t a in  a r eas  and  obs tac l e s .  Many  types  o f  robo t s  have  been  des igned  to  t ack l e  
th i s  p rob lem.  Crawle r  t ype  robo t s  o ffe r  a  p rac t i ca l  approach  in  nego t i a t ing  
uneven  t e r r a ins .  These  robo t s  a r e ,  however,  s low and  heavy,  and  r equ i r e s  l a rge  
work ing  space  t o  ope ra te .  B iped  robo t s  a re  more  dex te rous  and  posses s  t he  
ab i l i t y  to  nav iga te  complex  env i ronmen t .  However,  due  t o  the  complex i ty  and  
p r i ce  o f  manufac tu r ing ,  dep loyment  o f  b iped  type  humano id  robo t  i s  s t i l l  
uncommon and  economica l ly  imprac t i ca l .  Rocker-bog ie  des ign  used  in  luna r  
rove r s ,  fo r  example  the  So journer  deve loped  by  NASA and  the  Shr imp  robo t  
deve loped  by  EPFL,  uses  a  combina t ion  o f  adap t ive  l egs  wi th  the  e ff i c i ency  o f  
whee l s  t o  t r ave r se  uneven  t e r r a in  and  s t eps .  Th i s  approach  r e ly  on  the  
r edundancy  o f  s t a t i c  po in t s  o f  suppor t  on  t he  base  to  p rov ide  s t ab i l i t y  to  t he  
robo t  du r ing  c l i mbing  up /down s t eps .  Whi l e  e ffec t ive  in  t r ave r s ing  uneven  
t e r r a ins ,  t hese  robo t s  t end  to  have  complex  s t ruc tu ra l  des igns  and  d r iv ing  
sys t ems .  
In  na tu re  an i ma l s  t end  to  j ump  ove r  uneven  t e r r a ins .  Compare  to  s t a t i c  
approach ,  j umping  u t i l i ze s  t he  dyna mic  na tu ra l  o f  the  body  to  i nc rease  
e ff i c i ency  and  reduce  ene rgy  consumpt ion .  Many  b io - insp i r ed  j umping  robo t s  
have  been  deve loped .  7g ,  Gr i l lo ,  MSU robo t  and  mowgl i  a re  some  examples  o f  
robo t s  spec i f i ca l ly  des igned  to  have  jumping  ab i l i t y.  These  robo t s  u t i l i ze  
l i nkage  l eg  sys t em and  sp r ings  t o  ach i eve  j umping  to  ove rcome  l a rge  obs t ac l e s .  
The  ma in  d rawbacks  on  these  robo t s  a re  t he  l ack  o f  e ff i c i en t  hor i zon ta l  
move men t  capab i l i t i e s  and  a re  incapab le  o f  t r ave r s ing  l a rge  a rea  due  to  l imi t ed  
mob i l i t y.  Accuracy  o f  move men t  i s  a l so  compromised  due  to  the  d i sc re t e  
jumping  na tu re  o f  t hese  robo t s .  
Min i -Whegs ,  Jo l lbo t ,  Scou t  a re  some  exa mples  o f  robo t s  t ha t  i n t egra t e  bo th  
mob i l i t y  and  jump ing  ab i l i t y.  These  robo t s  have  the  capab i l i t i e s  to  cove r  l a rge  
r ange  o f  a r ea  and  ove rcome  s t a i r  l i ke  obs t ac l e s .  However,  j umping  capab i l i t i e s  
o f  t he  robo t s  a re  pass ive  and  the  a t t i t ude  o f  the  robo t s  upon  a i rborne  a r e  no t  
con t ro l l ed .  In  2008  Kikuch i  l ab  f rom Chiba  Ins t i t u t e  o f  Techno logy  in t roduced  
a  whee l  based  s t a i r  c l imbing  robo t  tha t  c l imbs  up  and  down s t a i r s  in  a  dyna mic  
manner.  Us ing  a  sp r ing  loaded  movab le  uppe r  body  ma ss ,  t he  robot  i s  ab l e  t o  
pe r fo r m so f t  l and ing  and  doub le  hopp ing  in  mida i r.  Ano the r  dynamica l ly  
hopp ing  robo t  na me  iHop  i s  deve loped  by  Schmid t - Wetekam f rom the  Un ive r s i ty  
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of  Ca l i fo rn ia ,  San  Diego .  Us ing  bo th  whee l s  a s  we igh t s  and  a  lockab le  hopp ing  
mechan i sm,  iHop  ach ieves  hopp ing  by  push ing  the  whee l s  upward  wh i l e  
ba lanc ing  on  i t s  cen t r a l  chass i s .  
The  goa l  o f  t h i s  t hes i s  i s  t o  deve lop  a  robot  t ha t  i s  ab l e  to  ove rcome  s t epped  
obs tac le s  us ing  a  dyna mic  and  e ff i c i en t  approach .  A  two  whee led  inver t ed  
pendu lum i s  chosen  a s  a  r e sea rch  p l a t fo rm due  to  i t s  s impl i c i t y  i n  mode l l i ng  
whi l e  s t i l l  exh ib i t i ng  complex  dynamic  behav io r .  Mos t  r e sea rch  on  the  two  
whee led  inve r t ed  pendu lum focuses  on  the  ba l anc ing  o f  t he  robo t  on  g round .  
The  robo t  i s  a s sumed  to  be  in  con tac t  wi th  g round  a l l  t he  t ime  in  o rde r  t o  
ma in ta in  ba lance .  Th i s  a s sumpt ion  does  no t  ho ld  when  the  robo t  i s  t r ave r s ing  
s t epped  t e r r a in .  Two  whee led  inve r t ed  pendu lum wi th  conven t iona l  ba l ance  
con t ro l l e r  i s  no t  ab le  to  nego t i a t e  s t epped  t e r r a in .   
In  t h i s  thes i s ,  we  p roposed  a  nove l  approach  enab l ing  the  two  w hee led  
inve r t ed  pendu lum to  t r ave r se  s t epped  t e r r a in .  The  robo t  cons i s t s  o f  a  two  
whee led  lower  body  p la t fo rm and  a  movab le  uppe r  body  mass  connec t ed  by  
sp r ings .  The  robo t  ach ieves  hopp ing  ac t ion  by  u t i l i z ing  the  i mpac t  fo rce  
p roduced  by  r e l eas ing  p re - t ens ioned  sp r ings .  Due  to  s t a t i ca l ly  uns t ab le  p rope r ty  
o f  the  robo t ,  t he  a t t i t ude  o f  the  robo t  has  t o  be  ac t ive ly  con t ro l l ed  du r ing  
a i rbo rne  to  ensu re  s t ab i l i t y  upon  l and ing .  The  t i l t  ang le  o f  the  robo t  body  i s  
con t ro l l ed  by  to rque  gene ra t ed  by  ro t a t ing  the  d r ive  whee l s .  The  dyna mic  na tu re  
o f  t he  robo t  enab les  i t  t o  c l i mb  up  and  down  s t ep  t e r r a ins ,  l eap  ove r  gap  
obs tac le s  in  a  swi f t  and  robus t  manner.   
Th i s  thes i s  con ta ins  t h r ee  p r imary  pa r t s :  Pa r t  I  i n t roduces  t he  t heory  and  
bas i c s  o f  a  r eac t ion  whee l  pendu lum;  Pa r t  I I  i n t roduces  t he  two whee led  
inve r t ed  pendu lum and  exp lo res  t he  e ffec t  o f  the  whee l  a s  a  r eac t ion  whee l  fo r  
a t t i t ude  con t ro l ;  and  Pa r t  I I I  in t roduces  BBot ,  a  p ro to type  two whee led  inve r t ed  
pendu lum tha t  i s  capab le  o f  t r aver s ing  s t epped  t e r r a in  and  hopping .  The  l ayou t  
o f  the  thes i s  i s  a s  fo l lows :  
I .  Theory  and  bas i c s  o f  a  r eac t ion  f lywhee l  and  a  two  whee led  inver t ed  
pendu lum.  
•  Chap te r  2  in t roduces  t he  t heo re t i ca l  ana lys i s ,  mode l ing ,  s i mula t ion ,  
con t ro l  and  ba lanc ing  a  r eac t ion  whee l  pendu lum and  a  two  whee led  
inve r t ed  pendu lum.  
I I .  To deve lop  a  s t ep  t r ave r s ing  two  whee led  inve r t ed  pendu lum.  
•  Chap te r  3  in t roduces  t he  ha rdware  and  embe dded  e l ec t ron ic s  needed  
to  bu i ld  an  inve r t ed  pendu lum robo t .   
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•  Chapte r  4  exp lo re s  t he  poss ib i l i t y  o f  us ing  the  whee l s  a s  a  r eac t ion  
whee l  t o  ac t ive ly  con t ro l  t he  a t t i t ude  o f  t he  robo t  i n  a i r.  The  
deve lopment  o f  a  p ro to type ,  BBot -1  i s  d i scussed  in  de t a i l .  Exper imen t  
r e su l t s  o f  t he  robo t  i n  nego t i a t ing  s t eps  wi th  va r ious  he igh t s  and  
l eng th  i s  d i scussed .  
I I I .  To deve loped  a  hopping  two  whee led  robo t  capab le  o f  t r ave r s ing  s t eppe d  
t e r r a ins .  
•  Chap te r  5  in t roduces  BBot -2 ,  a  hopp ing  two  whee led  robo t  w i th  ac t i ve  
a i rborne  con t ro l .  Th i s  chap te r  d i scussed  the  mathema t i ca l  ana lys i s  o f  
t he  robo t ,  des ign  and  implemen ta t ion ,  a s  we l l  a s  t he  ba l ance  con t r o l  
o f  t he  p l a t fo rm.   
F ina l ly,  Chap te r  6  conc ludes  the  e ffe c t iveness  o f  BBot  in  nego t i a t ing  s t epped  
t e r r a in  compares  to  ex i s t ing  robot s ,  and  d i scuss  abou t  t he  fu ture  works  t o  
enab le  BBot  to  be  dep loyed  in to  r ea l  wor ld  s i tua t ions .
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